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(57) ABSTRACT

The present 1nvention relates to an electrolyte solution for a
lithium-sulfur battery and a lithium-sulfur battery including
the same.

The electrolyte solution for a lithium-sulfur battery accord-
ing to the present invention exhibits excellent stability, and
may improve a swelling phenomenon by suppressing gas
generation during lithium-sulfur battery operation.
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ELECTROLYTE FOR LITHIUM-SULFUR
BATTERY AND LITHIUM-SULFUR
BATTERY COMPRISING SAME

TECHNICAL FIELD

This application claims priority to and the benefits of
Korean Patent Application No. 10-2016-0013248, filed with
the Korean Intellectual Property Oflice on Feb. 3, 2016, and
Korean Patent Application No. 10-2017-0008309, filed with
the Korean Intellectual Property Oflice on Jan. 17, 2017, the
entire contents of which are incorporated herein by refer-
ence.

The present invention relates to an electrolyte solution for
a lithium-sulfur battery and a lithtum-sulfur battery includ-
ing the same.

BACKGROUND ART

With recent development of portable electronic devices,
clectric vehicles and large capacity power storage systems,
demands for large capacity batteries have arisen. A lithium-
sulfur battery 1s a secondary battery using a sulfur series
material having sulfur-sulfur bonds (S—S bonds) as a posi-
tive electrode active material and using lithium metal as a
negative electrode active material, and sulfur, a main mate-
rial of a positive electrode active material, has advantages of
being very abundant in resources, having no toxicity and
having a low atomic weight.

In addition, a lithium-sulfur battery has theoretical dis-
charge capacity of 1672 mAh/g-sulfur and theoretical
energy density of 2,600 Wh/kg, which 1s very high com-
pared to theoretical energy density of other battery systems
currently studied (Ni1-MH battery: 450 Wh/kg, Li—FeS
battery: 480 Wh/kg, L1i—MnO, battery: 1,000 Wh/kg,
Na—S battery: 800 Wh/kg), and therefore, has received
attention as a battery having a high energy density property.

However, a lithium-sulfur battery has not been commer-
cialized so far due to a low sulfur utilization rate and thereby
falling to secure suflicient capacity as theoretical capacity,
and a battery short circuit problem caused by dendrite
formation of a lithium metal electrode. In view of the above,
positive electrode materials having increased sulfur impreg-
nation, electrolyte solution capable of increasing a sulfur
utilization rate, and the like have been developed 1n order to
resolve such problems.

As an electrolyte solvent of a lithium-sulfur battery, a
mixed solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxye-
hane (DME) has been currently used most often. An elec-
trolyte solution using the solvent has excellent properties in
terms of a sulfur utilization rate. However, from experimen-
tal results of the inventors of the present invention, a
swelling phenomenon, 1n which gas 1s generated 1nside and
the battery swells up while operating the battery using the
clectrolyte solution, was observed. Such a swelling phenom-
enon causes electrolyte solution depletion and battery defor-
mation, and also causes active material deintercalation from
clectrodes resulting 1n a problem of declimng battery per-
formance.

Causes and generation mechanism of such a swelling
phenomenon caused by gas generation nside a battery have
not yet been 1dentified, and accordingly, there are no coun-
termeasures as well.

PRIOR ART DOCUMENTS

U.S. Pat. No. 6,218,054, Dioxolane and dimethoxyethane
clectrolyte solvent system
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2
DISCLOSURE

Technical Problem

In view of the above, the inventors of the present mven-
tion have studied electrolyte solvent compositions of a
lithium-sulfur battery, and as a result, have completed the
present 1vention.

Accordingly, an aspect of the present invention provides
an electrolyte solution for a lithium-sultur battery signifi-
cantly reducing an amount of gas generation during battery
operation.

Another aspect of the present invention provides a
lithium-sulfur battery including the electrolyte solution.

Technical Solution

According to an aspect of the present invention, there 1s
provided an electrolyte solution for a lithium-sulfur battery
including a lithium salt and a non-aqueous solvent, wherein
the non-aqueous solvent includes cyclic ether including one
oxygen 1n a molecular structure; and linear ether represented
by the following Chemical Formula 1:

R—O—(CH,CH,0),—CH,CH,

[Chemical Formula 1]

(In Chemical Formula 1, R and x are the same as
described 1n the specification.)

Herein, the cyclic ether may be 5-membered to 7-mem-
bered cyclic ether unsubstituted or substituted with a C1 to
C4 alkyl group or alkoxy group, and may be preferably

tetrahydrofuran or tetrahydropyran unsubstituted or substi-
tuted with a C1 to C4 alkyl group or alkoxy group.

Herein, the R in Chemical Formula 1 may be methyl,
cthyl, propyl, 1sopropyl or butyl.

Herein, a volume ratio of the cyclic ether and linear ether
may be from 3:95 to 95:5, and preferably from 30:70 to
70:30.

Herein, the lithium salt may be one type selected from the
group consisting of LiCl, L[iBr, Lil, LiClO,, LiBF,_,
LiB,.Cl,,, LiPF, TLiCF,SO,, LiCF,CO,, [1C,BO.,
Li1AsF,, LiSbF,, LiAlCl,, CH,S0;L1, CF;SO;L1,
(CF,S0.,), NLi, (C,F.SO,),NL1, (SO,F),NL1, (CF,50,),
CL1, chloroborane lithium, lower aliphatic carboxylic acid
lithium, lithium tetraphenylborate, lithium 1mide and com-
binations thereof.

The electrolyte solution of the present invention may
further 1include an additive having N—O bonds in a mol-
ecule.

Herein, the additive may be one or more types selected
from the group consisting of lithium nitrate, potassium
nitrate, cestum nitrate, barium nitrate, ammonium nitrate,
lithium nitrite, potassium nitrite, cestum nitrite, ammonium
nitrite, methyl nitrate, dialkyl imidazolium nitrate, gnanidine
nitrate, imidazolium nitrate, pyridinium nitrate, ethyl nitrite,
propyl nitrite, butyl nitrite, pentyl nitrite, octyl nitrite,
nitromethane, nitropropane, nitrobutane, nitrobenzene, dini-
trobenzene, nitropyridine, dinitropyridine, nitrotoluene,
dinitrotoluene, pyridine N-oxide, alkylpyridine N-oxide and
tetramethylpiperidinyloxyl.

Herein, the additive may be included 1n 0.01% to 10% by
weilght based on 100% by weight of the electrolyte solution.

According to another aspect of the present invention,
there 1s provided a lithium-sulifur battery including the
clectrolyte solution.

Advantageous Eflects

An electrolyte solution for a lithtum-sulfur battery accord-
ing to the present mvention has excellent stability and has a
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significantly small amount of gas generation during battery
operation. As a result, a swelling phenomenon of a battery
can be improved.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a graph showing amounts gas generation of
Experimental Example 1.

FI1G. 2 1s a graph comparing battery life time properties of
Experimental Example 2.

BEST MOD.

L1

Hereinafter, embodiments of the present invention will be
described 1n detail with reference to accompanying drawings
so that those skilled in the art may readily implement the
present invention. However, the present invention may be
implemented in various different forms, and 1s not limited to
the examples described herein.

Electrolyte Solution for Lithium-Sulfur Battery

In order to improve a swelling phenomenon caused by gas
such as hydrogen generated during lithium-sulfur battery
operation, the present ivention provides an electrolyte
solution for a lithium-sultur battery including cyclic ether
including one oxygen in the molecular structure and linear
cther represented by the following Chemical Formula 1 as
an e¢lectrolyte solvent.

R—O—CH,CH,0), —CH,CH; [Chemical Formula 1]

(In Chemical Formula 1, R 1s a C1 to C6 alkyl group or
a C6 to C12 aryl group, and x1s 1 or 2.)

A solvent currently used most widely as an electrolyte
solvent of a lithium-sulfur battery 1s a mixed solvent of
1,3-dioxolane (DOL) and 1,2-dimethoxyehane (DME).
Using a mixed solvent of DOL and DME enhances a sulfur
utilization rate, and excellent results are obtained 1n terms of
battery capacity.

When used 1n small batteries, an electrolyte solution using
the mixed solvent generally exhibits superior performance in
terms of battery capacity, battery life time and battery
elliciency, however, when used 1n large batteries such as
large area pouch cells, gas such as hydrogen, methane and
cthene 1s generated i1n considerable amounts inside the
battery during battery operation, and a swelling phenom-
enon by which the battery 1s swollen 1s observed.

The present invention has been made i view of the
above, and the electrolyte solution of the present invention
exhibits 1mproved stability by including the cyclic ether
solvent and the linear ether solvent in a specific content
rat1o, and when used 1n a lithium-sulfur battery, generation
of gas such as hydrogen 1s significantly reduced during
battery operation. As shown 1n the following experimental
examples, the electrolyte solution of the present mvention
has, when used 1 a lithium-sulfur battery, gas generation
inside the battery measured after battery operation in the
amount of 300 uL or less and preferably 100 uL or less.
Herein, the value being smaller means less amount of gas
generation, and such a decrease 1n the gas generation 1s a
value with almost no swelling phenomenon of battery swell-
ing up, and a value insignificantly affecting battery stability
even when the swelling phenomenon occurs. In other words,
when comparing with gas generation of approximately 500
ul 1n a different electrolyte solution used 1n the art (refer to
Comparative Example 1), the amount of gas generation is
significantly low when using the electrolyte solution pro-
vided 1n the present invention, and accordingly, battery
stability may be enhanced, and problems of battery perfor-
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mance decline caused by a swelling phenomenon and qual-
ity decline caused by battery deformation may be overcome.

Examples of the C1 to C6 alkyl group mentioned in the
present specification may include a methyl group, an ethyl
group, a propyl group, a butyl group, a pentyl group, a hexyl
group or 1somers thereol. Herein, the 1somers include both
structural 1somers having the same number of carbons but
having a different carbon bonding relation and steric 1somers
having a difference in the geometric positions of bonds.

In addition, examples of the C6 to C12 aryl group
mentioned in the present specification may include a phenyl
group or a naphthyl group unsubstituted or substituted with
a C1 to C6 alkyl group.

The cyclic ether including one oxygen in a molecular
structure 1s 5-membered or higher cyclic ether unsubstituted
or substituted with an alkyl group, and preferably 5-mem-
bered to 7-membered cyclic ether unsubstituted or substi-
tuted with a C1 to C4 alkyl group or alkoxy group, and more
preferably tetrahydrofuran or tetrahydropyran unsubstituted
or substituted with a C1 to C4 alkyl group or alkoxy group.
Nonlimiting examples thereof may include tetrahydroﬁlran
2-methyltetrahydrofuran, 3-methyltetrahydrofuran, 2,3-di-
methyltetrahydrofuran, 2,4-dimethyltetrahydrofuran, 2,5-di-
methyltetrahydrofuran, 2-methoxytetrahydrofuran, 3-meth-
oxytetrahydrofuran, 2-ethoxytetrahydrofuran, 3-ethoxytet-
rahydrofuran, tetrahydropyran, 2-methyltetrahydropyran,
3-methyltetrahydropyran, 4-methyltetrahydropyran and the
like. The cyclic ether has low viscosity and thereby has
favorable 10n mobility, and also has high oxidation-reduc-
tion stability, and therefore, exhibits high stability even
when operating a battery for a long period of time.

In addition, the linear ether 1s an ethylene glycol-based
derivative, and has a structure with ethylene glycol or
diethylene glycol as a basic skeleton and linking an ethyl
group to one side end thereof through an ether bond.
Preferably, R 1s methyl, ethyl, propyl, isopropyl or butyl.
The linear ether 1s considered to contribute to an electrolyte
solution stability during battery operation by having at least
one ethoxy group.

The volume ratio of the cyclic ether and the linear ether
1s from 35:95 to 95:5 and preferably from 30:70 to 70:30.
When the volume ratio 1s outside the above-mentioned
range, target eflects may not be obtained since an effect of
suppressing gas generation during battery operation 1s mnsig-
nificant, and therefore, the ratio 1s properly controlled within
the above-mentioned range.

The electrolyte solution of the present invention includes
a lithium salt added to an electrolyte solution for increasing
ion conductivity. The lithium salt 1s not particularly limited
in the present ivention, and those that may be commonly
used 1n lithium secondary batteries may be used without
limit. Specifically, the lithium salt may be one type selected
from the group consisting of L1Cl, LiBr, Lil, LiCIO,, LiBF,
LiB,,Cl,,, LiPF., LiCF;S0O;, LiCF;CO.,, ";iC4BOB, L1-
AsF,., LiSbF ., L1AICl,, CH,SO, L1 CF,S0,11, (CF,S0.,),
NL1, (C,F.SO,),NL1, (SO, F)2 (CF SOZ)3CL1 chlo-
roborane lithium, lower aliphatic Carboxyhc acid lithium,
lithium tetraphenylborate, lithium 1mide and combinations
thereof, and 1s preferably (CF;S0,),NLi.

The concentration of the lithium salt may be determined
considering ion conductivity and the like, and 1s preferably
from 0.1 M to 4.0 M, or 0.5 M to 2.0 M. When the lithium
salt concentration 1s less than the above-mentioned range,
ion conductivity suitable for battery operation 1s difficult to
secure, and when the concentration 1s greater than above-
mentioned range, lithtum 1on mobility may decrease due to
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increase 1n viscosity of the electrolyte solution, and battery
performance may decline due to an increase 1n the decom-
position reaction of the lithium salt itself, and therefore, the
concentration 1s properly controlled within the above-men-
tioned range.

The non-aqueous electrolyte solution for a lithtum-sulfur

battery of the present invention may further include an
additive having N—O bonds 1n the molecule. The additive
1s eflective i forming a stable film on a lithium electrode
and greatly enhancing charge and discharge efliciency. Such
an additive may be a nitrate- or nitrite-based compound, a
nitro compound and the like. As one example, one or more
types selected from the group consisting of lithium naitrate,
potassium nitrate, cestum nitrate, barium nitrate, ammonium
nitrate, lithium nitrite, potassium nitrite, cesium nitrite,
ammonium nitrite, methyl nitrate, dialkyl i1midazolium
nitrate, guanidine nitrate, imidazolium nitrate, pyridinium
nitrate, ethyl nitrite, propyl nitrite, butyl nitrite, pentyl
nitrite, octyl nitrite, mtromethane, nitropropane, nitrobutane,
nitrobenzene, dinitrobenzene, nitropyridine, dinitropyridine,
nitrotoluene, dinitrotoluene, pyridine N-oxide, alkylpyridine
N-oxide, and tetramethylpiperidinyloxyl may be used.
According to one example of the present invention, lithium
nitrate (LiINO;) may be used.

The additive 1s used 1n a range of 0.01% to 10% by weight
and preferably 0.1% to 5% by weight in 100% by weight of
the whole electrolyte solution composition. When the con-
tent 1s less than the above-mentioned range, the above-
mentioned effects may not be secured, and when the content
1s greater than the above-mentioned range, resistance may
increase due to the film, and therefore, the content 1s
properly controlled within the above-mentioned range.

As described above, the electrolyte solution for a lithium-
sulfur battery according to the present invention uses a
mixed solvent of cyclic ether and linear ether as the solvent
for securing electrolyte solution stability, and accordingly,
gas generation 1n a battery may be suppressed during charge
and discharge without declining battery performance, and a
swelling phenomenon may be improved.

A method for preparing the electrolyte solution according
to the present invention 1s not particularly limited i the
present imnvention, and common methods known in the art
may be used.

Lithium-Sulfur Battery

A lithium-sulfur battery according to the present invention
includes a positive electrode, a negative electrode, a sepa-
rator interposed therebetween, and an electrolyte solution,
and as the electrolyte solution, the non-aqueous electrolyte
solution for a lithium-sulfur battery according to the present
invention 1s used.

The lIithium-sulfur battery according to the present inven-
tion has significantly reduced generation of gas such as
hydrogen gas during operation, and may improve a problem
of battery performance decline caused by active material
deintercalation from electrodes and quality decline caused
by battery deformation.

The constitution of the positive electrode, the negative
clectrode and the separator of the lithium-sulfur battery is
not particularly limited in the present invention, and may
follow constitutions known 1n the art.

Positive Electrode

The positive electrode according to the present invention
includes a positive electrode active material formed on a
positive electrode current collector.

As the positive electrode current collector, those capable
of being used as a current collector in the art may all be used,
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and specifically, foamed aluminum, foamed nickel or the
like having excellent conductivity may be preferably used.

The positive clectrode active material may include
clemental sulfur (S8), sulfur series compounds or mixtures
thereof. The sulfur series compound may specifically be
L1,S  (nzl), an organosulfur compound, a carbon-sulfur
polymer ((C,S,) : x=2.5 to 50, n=2) or the like. These may
be used as a composite with a conductor.

The conductor may be porous. Accordingly, as the con-
ductor, those having porosity and conductivity may be used
without limit, and for example, carbon-based materials
having porosity may be used. As such carbon-based mate-
rials, carbon black, graphite, graphene, active carbon, car-
bon fiber and the like may be used. In addition, metallic
fibers such as metal mesh; metallic powders such as copper,
silver, nickel and aluminum; or organic conductive materials
such as polyphenylene derivatives may also be used. The
conductive materials may be used either alone or as a
mixture.

The positive electrode may further include a binder for
binding of the positive electrode active material and the
conductor and for binding on the current collector. The
binder may include a thermoplastic resin or a thermosetting,
resin. For example, polyethylene, polyethylene oxide, poly-
propylene, polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), styrene-butadiene rubber, a tetratfluoroeth-
ylene-perfluoro alkylvinyl ether copolymer, a vinylidene
fluoride-hexatluoropropylene copolymer, a vinylidene fluo-
ride-chlorotrifluoroethylene copolymer, an ethylene-tetra-
fluoroethylene copolymer, a polychlorotrifluoroethylene,
vinylidene fluoride-pentafluoro propylene copolymer, a pro-
pylene-tetrafluoroethylene copolymer, an ethylene-chloro-
tritfluoroethylene copolymer, a vinylidene fluoride-hexatluo-
ropropylene-tetrafluoroethylene copolymer, a vinylidene
fluoride-pertfluoromethylvinyl  ether-tetrafluoro  ethylene
copolymer, an ethylene-acrylic acid copolymer and the like
may be used either alone or as a mixture, however, the
binder 1s not limited thereto, and those capable of being used
as a binder in the art may all be used.

Such a positive electrode may be prepared using common
methods, and specifically, may be prepared by coating a
composition for forming a positive electrode active material
layer prepared by mixing a positive electrode active mate-
rial, a conductor and a binder 1n an organic solvent on a
current collector and drying the result, and selectively,
compression molding the result on the current collector for
enhancing electrode density. Herein, as the organic solvent,
those capable of umiformly dispersing the positive electrode
active material, the binder and the conductor, and readily
evaporating are preferably used. Specifically, acetonitrile,
methanol, ethanol, tetrahydroturan, water, 1sopropyl alcohol
and the like may be included.

Negative FElectrode

The negative electrode according to the present invention
includes a negative electrode active material formed on a
negative electrode current collector.

The negative electrode current collector may specifically
be selected from the group consisting of copper, stainless
steel, titanium, silver, palladium, nickel, alloys thereof and
combinations thereof. The stainless steel may be surface
treated with carbon, nickel, titantum or silver, and alumi-
num-cadmium alloys may be used as the alloy. In addition
thereto, baked carbon, non-conductive polymers of which
surface 1s treated with a conductor, conductive polymers or
the like may also be used.

As the negative electrode active material, a material
capable of reversibly intercalating or deintercalating lithium
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ions (LLi7), a material capable of reversibly forming a
lithium-containing compound by reacting with lithium 10ns,
lithium metal or a lithtum alloy may be used. Examples of
the matenial capable of reversibly intercalating or deinter-
calating lithium 1ons (L17) may include crystalline carbon,
amorphous carbon or a mixture thereol. Examples of the
material capable of reversibly forming a lithium-containing,
compound by reacting with lithtum 1ons (L17) may include
tin oxide, titanium nitrate or silicon. Examples of the lithium
alloy may include alloys of lithium (LL1) and metals selected
from the group consisting of sodium (Na), potassium (K),
rubidium (Rb), cestum (Cs), francium (Fr), beryllium (Be),
magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba),
radium (Ra), aluminum (Al) and tin (Sn).

The negative electrode may further include a binder for
binding of the negative electrode active material and the
conductor and for binding on the current collector, and
specifically, the binder 1s the same as the binder of the
positive electrode described above.

In addition, the negative electrode may be lithtum metal
or a lithium alloy. As nonlimiting examples, the negative
clectrode may be a thin film of lithium metal, or may be an
alloy of lithium and one or more types of metals selected
from the group consisting of Na, K, Rb, Cs, Fr, Be, Mg, Ca,
Sr, Ba, Ra, Al and Sn.

Separator

A common separator may be interposed between the
positive electrode and the negative electrode. The separator
1s a physical separator having a function of physically
separating electrodes, and those commonly used as a sepa-
rator may be used without particular limit, and particularly,
those having an excellent electrolyte moisture retention
ability while having low resistance for 1on migration of the
clectrolyte solution are preferred.

In addition, the separator enables lithtum 1on transfer
between the positive electrode and the negative electrode
while separating or insulating the positive electrode and the
negative electrode from each other. Such a separator may be
tormed with porous, and non-conductive or insulating mate-
rials. The separator may be an independent member such as
a 1llm, or a coating layer added to the positive electrode
and/or the negative electrode.

Specifically, porous polymer films, for example, porous
polymer films prepared with a polyolefin-based polymer
such as an ethylene homopolymer, a propylene homopoly-
mer, an ethylene/butene copolymer, an ethylene/hexene
copolymer and an ethylene/methacrylate copolymer may be
used either alone or as laminates thereof, or common porous
non-woven fabrics, for example, non-woven fabrics made of
high melting point glass fiber or polyethylene terephthalate
fiber may be used, however, the separator 1s not limited
thereto.

The positive electrode, the negative electrode and the
separator included 1n the lithtum-sulfur battery may each be
prepared using common components and preparation meth-
ods, and although not particularly limited thereto, appear-
ances of the lithium-sulfur battery may include a cylinder-
type, a square-type, a pouch-type, a coin-type using a can,
and the like.

Hereinatter, preferred examples are provided 1n order to

illuminate the present invention, however, the following
examples are for illustrative purposes only, and 1t 1s obvious
to those skilled in the art that various changes and modifi-
cations may be made within the scope and technological
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ideas of the present invention, and such changes and modi-
fications also belong to the attached claims.

EXAMPL

L1

Examples 1 to 6 and Comparative Example 1

(1) Preparation of Electrolyte Solution

Non-aqueous electrolyte solutions of Examples 1 to 6 and
Comparative Example 1 were prepared 1n the compositions
of the following Table 1. Solvents used herein are as follows
(v/v means a volume ratio).
THF: tetrahydrofuran

THP: tetrahydropyran

EGEME: ethylene glycol ethylmethyl ether

EGDEE: ethylene glycol diethyl ether

DOL: 1,3-dioxolane

DME: 1,2-dimethoxyethane

TABLE 1
Solvent Lithium Salt Additive

Example 1 THEF:EGEME (1:1, v/v)  LiTEFSI (1.0M) LiNO;
Example 2 THEF:EGEME (7:3, v/v) (1% by
Example 3 THEF:EGEME (3:7, v/v) Weight)
Example 4 THEF:EGDEE (1:1, v/v)
Example 3 THP:EGDEE (1:1, v/v)
Example 6 THP:EGDEE (1:1, v/v) LiPEF, (1.0M)
Comparative DOL:DME (1:1, v/v) LiTEFSI (1.0M)
Example 1

(2) Manufacture of Lithium-Sulfur Battery

65% by weight of sulfur, 25% by weight of carbon black,
and 10% by weight of polyethylene oxide were mixed with
acetonitrile to prepare a positive electrode active matenal.
The positive electrode active material was coated on an
aluminum current collector, and the result was dried to
prepare a positive electrode having a size of 30 mm“x50
mm~ and a loading amount of 5 mAh/cm”. In addition,
lithium metal having a thickness of 150 um was employed
as a negative electrode.

The prepared positive electrode and the negative electrode
were placed to face each other, and a polyethylene separator
was 1nterposed therebetween, and each of the electrolyte
solutions of (1) was 1njected thereto.

Experimental Example 1: Manufacture of
Lithium-Sulfur Battery and Analysis on Amount of
(Gas Generation after Charge and Discharge

Each of the lithtum-sulfur batteries of the examples and
the comparative example was charged and discharged 5
times with a C-rate 01 0.1 C at 25° C., and then the amount
of gas generation inside the battery was measured. The
results are shown 1in the following Table 2 and FIG. 1.

As shown 1n the following Table 2, Examples 1 to 6 had
gas generation of 12.7 ulL to 86.5 ul., which were identified
to be significantly reduced compared to 473 ul. of Com-
parative Example 1.

TABLE 2
Amount of
(7as
Lithium (Generation
Solvent Salt Additive (uL)
Example 1 THEF:EGEME (1:1, v/v) LiTFSI LINO; 86.5
Example 2 THEF:EGEME (7:3, v/iv) (1.0M) (1% by 63.6
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TABLE 2-continued

Amount of
(yas
Lithium Generation
Solvent Salt Additive (uL)
Example 3 THEF:EGEME (3:7, v/v) Weight) 96.4
Example 4 THEF:EGDEE (1:1, v/v) 21.1
Example 5 THP:EGDEE (1:1, v/v) 12.7
Example 6 THP:EGDEE (1:1, v/v) LiPF, 15.9
(1.0M)
Comparative DOL:DME (1:1, v/v) LiTEFSI 473
Example 1 (1.0M)

Experimental Example 2: Evaluation on Battery
Life Time Property

For each of the batteries of Examples 1, 4, 5 and Com-
parative Example 1, a capacity retention rate of the battery
was measured while charging and discharging under the
following condition, and the results are shown in FIG. 2.

Charge: C-rate of 0.1 C, voltage of 2.8 V, CC/CV (5%
current cut at 0.1 C)

Discharge: C-rate of 0.1 C, voltage of 1.5V, CC

As shown i FIG. 2, Examples 1, 4 and 5 exhibited a
significantly improved capacity retention rate compared to
Comparative Example 1. From the experimental results, 1t
was 1dentified that the electrolyte solution of the present
invention had a significantly reduced amount of gas genera-
tion and may prevent a battery swelling phenomenon, and
may enhance a life time property of a lithium-sulfur battery.

The 1nvention claimed 1s:

1. A lIithhum-sulfur battery comprising a positive elec-
trode, a negative electrode, a separator interposed between
the positive electrode and the negative electrode, and an
clectrolyte solution, wherein the electrolyte solution com-
Prises:

a lithium salt; and

a non-aqueous solvent,

wherein the non-aqueous solvent 1s a mixture of a cyclic

cther including one oxygen 1n a cyclic structure; and

a linear ether represented by the following Chemical

Formula 1:

R—O

(CH,CH,0),—CH,CH,
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wherein:
R 1s methyl, ethyl, propyl, isopropyl or butyl; and
x 1s 1, and

wherein the cyclic ether 1s tetrahydrofuran or tetrahydro-
pyran unsubstituted or substituted with a C1 to C4 alkyl
group or alkoxy group.

2. A lithtum-sulfur battery of claim 1, wherein the lithium
salt includes one type selected from the group consisting of
LiCl, LiBr, Lil, LiClO,, LiBF,, LiB,,Cl,,, LiPF,,
L1CF;SO;, LiCF,CO,, L1C,BOy, LiAsF ., LiSbF ., L1AICl,,
CH,S0,1L1, CF,S0,l1, (CF,S0O,),NLi, (C,F.SO,),NLi,
(SO,F),NL1, (CF;50,);CL1, chloroborane lithium, lower
aliphatic carboxylic acid lithium, lithium tetraphenylborate,
lithium 1mide and combinations thereof.

3. A lithtum-sulfur battery of claim 1, wherein the lithium
salt 1s included 1n a concentration of 0.1 M to 4.0 M.

4. A Iithium-sulfur battery of claim 1, further comprising
an additive having N—O bonds in a molecule.

5. A Iithium-sulfur battery of claim 4, wherein the additive
1s one or more types selected from the group consisting of
lithium mnitrate, potassium nitrate, cesium nitrate, barium
nitrate, ammonium nitrate, lithium naitrite, potassium nitrite,
cesium nitrite, ammonium nitrite, methyl mtrate, dialkyl
imidazolium nitrate, guanidine nitrate, imidazolium nitrate,
pyridinium nitrate, ethyl nitrite, propyl nitrite, butyl nitrite,
pentyl nitrite, octyl nitrite, nitromethane, nitropropane,
nitrobutane, nitrobenzene, dinitrobenzene, nitropyridine,
dinitropyridine, nitrotoluene, dinitrotoluene, pyridine N-ox-
ide, alkylpyridine N-oxide and tetramethylpiperidinyloxyl.

6. A lithium-sulfur battery of claim 4, wherein the additive
1s 1ncluded 1n 0.01% to 10% by weight based on 100% by
weight of the electrolyte solution.

7. A lithium-sulfur battery of claim 1, wherein a volume

ratio of the cyclic ether and the linear ether 1s from 5:95 to
93:5.

8. A lithium-sulfur battery of claim 1, wherein a volume

ratio of the cyclic ether and the linear ether 1s from 30:70 to
70:30.
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